ABSTRACT: Adiponectin has potent insulin-sensitizing effects, improves lipid metabolism, and potentially protects against the development of metabolic syndrome. Thus, increasing adiponectin levels in preterm infants at risk for developing metabolic syndrome may be of special interest. The aim of this study was to examine the effects of dietary long-chain polyunsaturated fatty acids (LCPUFA) on serum adiponectin and lipid concentrations in preterm infants. Adiponectin and lipid levels of 60 healthy preterm infants [gestational age 32.7 (1.9) wk] randomly assigned to be fed either 1) a formula containing LCPUFA [arachidonic and docosahexanoic] (ϩLCPUFA group) or 2) the same formula without LCPUFA (ϪLCPUFA/control group), were determined at mean (SD) 33.8 (11.7) d. Adiponectin and HDL-C concentrations were significantly higher in the ϩLCPUFA group than in controls (p ϭ 0.002 and p ϭ 0.01, respectively); whereas, triglyceride levels were lower (p ϭ 0.06). Adiponectin correlated positively with HDL-C levels and negatively with triglyceride levels in the ϩLCPUFA group but not in the controls. In conclusion, circulating adiponectin concentrations were higher in preterm infants fed a formula containing LCPUFA than infants fed an LCPUFA-free formula and they correlated with lipidemic profile. L ow birth weight due to poor fetal growth has been identified as a factor contributing to the development of metabolic syndrome (insulin resistance, dislipidemia, hypertension) (1,2). Moreover, preterm infants are also at risk for insulin resistance, and possibly for other components of metabolic syndrome, irrespective of whether they were born appropriate or small for gestational age (3,4). Although the underlying mechanism(s) connecting preterm birth and the development of metabolic syndrome risk are not known, circulating concentrations of adiponectin have been shown to be lower in preterm than in full term infants (5). Adiponectin is an adipocyte-derived protein, which has potent insulinsensitizing effects, improves lipid metabolism, and potentially protects against the development of insulin resistance and metabolic syndrome (6). High plasma levels of adiponectin are associated with lower incidence of type-2 diabetes and coronary heart disease (7,8). Therefore, a means of increasing circulating concentrations of adiponectin in preterm infants may be of special interest.
L ow birth weight due to poor fetal growth has been identified as a factor contributing to the development of metabolic syndrome (insulin resistance, dislipidemia, hypertension) (1, 2) . Moreover, preterm infants are also at risk for insulin resistance, and possibly for other components of metabolic syndrome, irrespective of whether they were born appropriate or small for gestational age (3, 4) . Although the underlying mechanism(s) connecting preterm birth and the development of metabolic syndrome risk are not known, circulating concentrations of adiponectin have been shown to be lower in preterm than in full term infants (5) . Adiponectin is an adipocyte-derived protein, which has potent insulinsensitizing effects, improves lipid metabolism, and potentially protects against the development of insulin resistance and metabolic syndrome (6) . High plasma levels of adiponectin are associated with lower incidence of type-2 diabetes and coronary heart disease (7, 8) . Therefore, a means of increasing circulating concentrations of adiponectin in preterm infants may be of special interest.
N-3 and n-6 long-chain polyunsaturated fatty acids (LCPUFA), mainly docosahexanoic (DHA) and arachidonic (AA) acid, have been added in some, but not all, commercially available infant formulas, in an attempt to mimic the composition of human milk. In animals and human adults, diets enriched with n-3 LCPUFA have been linked to beneficial effects against insulin resistance (9) and to a favorable impact on lipidemic profile (10, 11) . The influence of dietary n-3 LCPUFA on circulating concentrations of adiponectin has been studied in animals (12) (13) (14) (15) , in obese adults, and in patients, who have suffered a myocardial infarction (16 -18) . Dietary n-3 LCPUFA appear to have had a positive effect in the majority of these studies.
In a longitudinal observational study in 62 preterm infants, we found a positive correlation between feeding with n-3 and n-6 LCPUFA-supplemented formula and serum adiponectin levels (5). However, the study included only 9 LCPUFAsupplemented infants, and the results needed to be confirmed in a randomized controlled trial. Moreover, it remains to determine whether the intake of LCPUFA had any effect on serum lipid levels in preterm infants. The aim of the present randomized controlled study was to examine the effects of dietary LCPUFA on serum adiponectin and lipid levels in preterm infants and the associations of adiponectin with the infants' lipidemic profile.
METHODS
Subjects and study protocol. Eligible participants were preterm infants admitted to our unit after birth, who met the following criteria: gestational age Ն28 wk, birth weight Ͼ1000 g, no family history of hyper-or hypolipidemias, no congenital malformation, and mothers, who elected formula feeding. The Hospital Ethics Committee approved the study, and informed parental consent was obtained.
Gestational age was estimated from the last menstrual period and was supported by fetal ultrasound measurements and clinical examination of the neonate according to the new Ballard score (19) . After matching for gestational age (Ϯ1 wk), birth weight (Ϯ100 g), and gender by a computergenerated randomization table within clusters of six, 84 infants were initially enrolled for the study. After birth, each was randomly assigned to be fed either 1) a commercial formula containing LCPUFA (AA; 12.0 mg and DHA; 7.1 mg per 100 mL of formula) (ϩLCPUFA group, n ϭ 42) or 2) a formula without LCPUFA (ϪLCPUFA/control group, n ϭ 42). The chief-nurse, not involved in care of the trial infants, undertook the allocation and ordering of each test formula for the enrolled infants using sealed opaque randomization envelopes. She kept the randomization list private and disclosed it after the study.
The two formulas were produced by the same manufacturer (S-26, Wyeth Nutritionals, Ireland) and were provided by the hospital food service for feeding of hospitalized infants. The formula-containing bottles were similar in appearance; only the name of the participant to whom the formula was administered was written on them. The nutrient composition of the formulas was identical apart from LCPUFA. The formulas provided 67 Kcal/100 mL when diluted to 15% (wt/vol) and contained 1.5 g/dL protein, 3.6 g/dL fat, 7.2 g/dL carbohydrates and 0.23 g/dL minerals and vitamins. The fatty acid composition of the formulas, according to manufacturer specifications, is shown in Table 1 . The amount of formula consumed at each meal was recorded and the infants' growth was evaluated periodically during hospitalization. Body weight was obtained daily using a standard electronic scale. Measurements of birth weight and body weight at discharge were converted to z scores (SD scores from the mean after adjustment for gestational age and gender) (20) . Recumbent length and head circumference were measured weekly by the same investigator. Body mass index was calculated (Kg/m 2 ) at discharge.
Infants were dropped from the study if they presented major neonatal morbidity (respiratory distress requiring assisted ventilation for more than 3 d, hypotension with need for inotropes, intraventricular hemorrhage greater than grade I according to the criteria of Volpe, sepsis, necrotizing enterocolitis, bronchopulmonary dysplasia) or did not tolerate full enteral feeding (Ն150 mL/Kg/d) by the 10th day of life. Twelve infants in each group were dropped from the study. All the remaining (30 infants in each group) underwent a venipuncture before feeding on the morning of the day of discharge, for routine blood tests, as well as for determining serum adiponectin and lipid [triglycerides, total cholesterol (C), HDL-C, and LDL-C] levels. Neither the care taker who did the feeding nor the person who performed the anthropometric and blood measurements, nor the scientist who did the statistical evaluation of the results, had any knowledge of the infants' diet.
The sample size was calculated using our previous report of adiponectin concentrations in preterm infants (5) . Assuming an alpha risk of 0.05, a power of 0.80 and a bilateral test, it was estimated that approximately 20 infants were needed in each group to detect a significant difference of 1 SD in mean adiponectin levels between ϩLCPUFA and ϪLCPUFA/control groups.
Adiponectin and lipid assays. Serum adiponectin levels were assayed using a human adiponectin ELISA kit (Linco Research, MO). According to the manufacturer, the intra-and interassay coefficients of variation were less than 7.4% and 8.4%, respectively; the sensitivity limit of the assay was 0.78 ng/mL and the appropriate range of measurements (standard concentrations) were 1.56 ng/mL to 100 ng/mL. For values greater than 100 ng/mL, the samples were further diluted using assay diluent, and the assay was repeated so that the results fell within the range.
Serum triglycerides, total C, and HDL-C were measured using the Bayer ADVIA 1650 Clinical Chemistry System (Bayer Corporation, Tarrytown, NY), whereas LDL-C values were estimated using the Friedewald formula as follows: LDL-C ϭ total C-(triglycerides/5 ϩ HDL-C).
Statistical analyses. Data are presented as mean (SD). Groups were compared for quantitative variables by the Student t test. Values of adiponectin and lipid levels were normally distributed, both overall and for ϩLCPUFA and ϪLCPUFA/control groups separately, so no transformation was necessary. Correlation analyses and multiple regression analyses were used to examine relations among the variables of interest. Levels of statistical significance were set at p Յ 0.05. All statistical analyses were performed using the SPSS statistical package (SPSS, version 10.0, Chicago, IL).
RESULTS
The characteristics of the study population are shown in Table 2 . Clinical and anthropometric characteristics did not differ significantly between the two groups of infants studied.
Mean (SD) serum adiponectin levels were significantly higher in the ϩLCPUFA group than in the ϪLCPUFA/control group (p ϭ 0.002) ( Table 3) . Serum HDL-C levels were also significantly higher in the ϩLCPUFA group than in the control group (p ϭ 0.01), whereas serum triglyceride levels tended to be significantly lower in the ϩLCPUFA group than in the control group (p ϭ 0.06) ( Table 3) . No difference was recorded in serum total C and LDL-C levels between ϩLCPUFA group and control group.
In the entire study population, serum adiponectin concentrations correlated positively with serum HDL-C levels (r ϭ 0.46, p Ͻ 0.001); whereas, they correlated negatively with serum triglyceride levels (Fig. 1) . No significant correlation between serum adiponectin and total C or between adiponectin and LDL-C levels was found. Serum adiponectin concentrations were also positively associated with HDL-C (r ϭ 0.58, p ϭ 0.001) and negatively associated with serum triglyceride levels ( Fig. 1 ) within the ϩLCPUFA group; whereas, no significant correlations were found within the ϪLCPUFA/control group. Thus, the significant correlations found between adiponectin and lipid levels in the entire study population were driven entirely by the supplemented group.
Within the ϩLCPUFA group, significant correlations of adiponectin with total C levels (r ϭ 0.42, p ϭ 0.02) and LDL-C levels (r ϭ 0.48, p ϭ 0.007) were also observed. However, these associations did not remain significant after controlling for HDL-C or triglyceride concentrations by multiple regression analysis; whereas, both HDL-C and triglyceride levels were independently associated with adiponectin concentrations.
DISCUSSION
The present study is the first to indicate that dietary LCPUFA may have a beneficial effect on serum adiponectin in premature infants. The difference in adiponectin levels between infants fed the formula supplemented with DHA and AA, and those fed the LCPUFA-free formula, was not due to the factors previously reported to influence the circulating concentrations of adiponectin in preterm infants, such as adiposity and weight gain (5, 21) , because anthropometric parameters, including body mass index and weight gain, were similar between groups. In addition, all the infants studied were healthy and their gender, gestational, and postnatal age distribution did not differ significantly between groups. In this trial, we cannot differentiate between the effects of AA and n-3 LCPUFA. However, our findings are consistent with the results of the studies in animals (12) (13) (14) (15) and in obese adults (16, 18) fed diets supplemented with n-3 LCPUFA. On the contrary, no effect on adiponectin levels was observed after a 3-mo treatment with n-3 LCPUFA in adults who suffered a myocardial infarct (17) .
In our study, infants fed the LCPUFA-supplemented formula had significantly higher HDL-C levels than those fed the LCPUFA-free formula and lower triglyceride levels (p ϭ 0.06). These results reflect the well-known favorable effects of n-3 LCPUFA on the blood lipid profile in adults. Linoleic acid (18:2n-6) has well described LDL-C lowering effect, but no specific lipid profile modulating effects has been described for AA, which on a carbon-to-carbon basis is a less potent regulator of lipid metabolism than n-3 LCPUFA (22) . N-3 LCPUFA have been shown to lower triglycerides in numerous clinical trials and in a meta-analysis (23) . Although this effect is dose-dependent, even low intakes of n-3 LCPUFA have been found to promote a significant reduction in triglycerides (22) . The effect of dietary LCPUFA on HDL-C varies; increase, decrease, or a neutral effect on HDL-C levels has been reported in adults, leading to a conclusion that there is no significant impact of n-3 LCPUFA on HDL-C levels (23) . In infants, the relation between dietary LCPUFA and lipid profile has been rarely studied. In preterm infants fed a formula supplemented with 0.5% AA and 0.35% DHA, serum total C concentrations were found to be higher, and triglyceride levels lower, than in infants fed an unsupplemented formula (24) . In addition, a previous randomized trial in full term infants has shown evidence of an acute plasma triglyceride-lowering effect of fish oil, known to be rich in n-3 LCPUFA, primarily eicosapentanoic acid (EPA) and DHA (25) .
The influence of dietary n-3 and n-6 LCPUFA on lipid levels in blood is believed to be mediated via targeted effects on specific transcription factors and nuclear receptors that regulate the expression of genes encoding key regulatory proteins of lipid metabolism (22) . The mechanisms how dietary LCPUFA lead to an increase in adiponectin levels are less well known. To our knowledge, no specific role has been suggested for n-6 LCPUFA on the production/release of adiponectin. Stimulation of the expression of the gene encoding adiponectin by dietary n-3 LCPUFA has been shown in animals (12) ; this could be through the activation of transcription factors in the adipose tissue (26, 27) . However, no modification, or even inhibition, of adiponectin gene expression was observed in other studies in animals fed a diet supplemented with fish oil (13) or in isolated rat adipocytes cultured with EPA (28) . The increase in circulating adiponectin levels by dietary LCPUFA has also been attributed to a lowering effect of n-3 LCPUFA on plasma FFA and triglycerides, which in high concentrations, exert an inhibitory effect on the release of adiponectin by adipocytes (13, 14) .
It has been reported that adiponectin directly regulates lipid metabolism and exerts a HDL-C-elevating and triglyceridelowering action (29) . Treatment with the globular domain of adiponectin improved fatty utilization in isolated muscle as well as in cultured skeletal muscle cells (6); whereas, disruption of the two receptors of adiponectin (AdipoR1 and R2) resulted in increased tissue triglyceride content (30) . Numerous studies in adolescents and adults have shown that adiponectin levels are strongly associated with lipid profile, correlating positively with HDL-C and negatively with triglyceride concentrations (29, (31) (32) (33) (34) .
In our study, the expected correlations between adiponectin and lipid levels were observed in the group of infants fed the LCPUFA-supplemented formula, but not in the group fed the LCPUFA-free diet. The absence of any significant correlation between adiponectin and lipid levels in the unsupplemented group may indicate that there is possibly no mechanistic link between blood lipid profile and adiponectin in preterm infants, but that the observed correlations in the supplemented group reflect parallel effects of dietary LCPUFA on serum adiponectin and lipid levels. In addition, a synergic effect of LCPUFA and adiponectin on lipid profile in the supplemented group cannot be excluded. To our knowledge, the associations between adiponectin and lipid levels in infants have been evaluated in only one study, in umbilical venous blood at birth in newborns between 35 and 42 wk of gestational age. No significant correlation between adiponectin and HDL-C or triglyceride levels in cord blood was found, but a strong inverse relationship between cord adiponectin and LDL-C concentrations was observed (35) .
A limitation of this study is that biomarkers of LCPUFA intake, such as the LCPUFA status of the plasma or erythrocytes, were not measured due to the limited amount of blood available from these small preterm infants. It would be useful to know how the LCPUFA status relates to the outcomes of adiponectin and lipid levels in serum. In addition, the AA and DHA content of the LCPUFA-formula were close to the lowest levels of supplementation of other experimental formulas (24, 36) . It has been reported that a higher content of AA and DHA supplementation (equal or higher than 0.49% AA and 0.35% DHA) is needed to provide sufficient levels of these fatty acids to achieve a fatty acid status in the plasma and erythrocyte membranes similar to that of infants fed breast milk typical of mothers in Western countries (36, 37) . Whether such a higher content would have stronger effects on adiponectin levels or lipidemic profile in our study population is not known.
Irrespective of the underlying pathophysiological mechanism(s), the higher circulating adiponectin levels in infants fed the LCPUFA-supplemented formula may explain, at least in part, the reported beneficial effect of dietary LCPUFA against insulin resistance in animals and human adults (9). We did not examine whether differences in insulin sensitivity were already present between the two groups of studied infants. However, the protection that the increased adiponectin concentrations may provide against later development of insulin resistance and metabolic syndrome is, in our opinion, of special importance to preterm infants because they are at risk to develop such maladies. Several observations support a programming effect of dietary LCPUFA on later health. In animals, adequate availability of EPA, DHA, and AA during the perinatal period is critical to prevent development of metabolic syndrome in adult life (9) . In humans, DHA and AA supplementation in early life is associated with lower blood pressure later in life (38) . Notably, there is evidence that breast milk has a beneficial role on the major components of metabolic syndrome (obesity, blood pressure, C metabolism, and insulin resistance) that affect cardiovascular risk (39) ; this has been attributed, at least in part, to the rich content of breast milk in LCPUFA (40) . Follow-up of our study population is needed to examine whether the positive influence of dietary LCPUFA on adiponectin levels and on the lipidemic profile is indicative of a long-term beneficial effect of LCPUFA on the health of these infants in later life.
